Mutants of Akcaligenes eutrophus which are altered with respect to the utilization of 2,3-butanediol and acetoin were isolated after transposon mutagenesis. The suicide vehicle pSUP5011 was used to introduce the drug resistance transposable element TnS into A. eutrophus. Kanamycin-resistant transconjugants of the 2,3-butanediol-utilizing parent strains CF10141 and AS141 were screened for mutants impaired in the utilization of 2,3-butanediol or acetoin. Eleven mutants were negative for 2,3-butanediol but positive for acetoin; they were unable to synthesize active fermentative alcohol dehydrogenase protein (class 1). Forty mutants were negative for 2,3-butanediol and for acetoin (class 2). Tn5-mob was also introduced into a Smr derivative of the 2,3-butanediol-nonutilizing parent strain H16. Of about 35,000 transconjugants, 2 were able to grow on 2,3-butanediol. Both mutants synthesized the fermentative alcohol dehydrogenase constitutively (class 3). The TnS-labeled EcoRI fragments of genomic DNA of four class 1 and two class 3 mutants were cloned from a cosmid library. They were biotinylated and used as probes for the detection of the corresponding wild-type fragments in a AL47 and a cosmid gene bank. The gene which encodes the fermentative alcohol dehydrogenase in A. eutrophus was cloned and localized to a 2.5-kilobase (kb) Sall fragment which is located within a 11.5-kb EcoRI-fragment. The gene was heterologously expressed in A. eutrophus JMP222 and in Pseudomonas oxalaticus. The insertion of TnS-mob in class 3 mutants mapped near the structural gene for alcohol dehydrogenase on the same 2.5-kb Sall fragment.
Recently, the ability of strictly respiratory bacteria to form fermentation enzymes under conditions of restricted oxygen supply was demonstrated (2, 28, 37) . A whole physiological group of bacteria, the aerobic chemolithoautotrophic bacteria, relies only on respiratory energy generation, and not a single member has been reported to be able to grow on organic compounds anaerobically on the basis of fermentative energy generation. Since fermentation enzymes were not expected to be present in these bacteria, the question of the metabolic role of these enzymes and the significance of these cryptic genes in strict aerobes was raised. The hydrogen-oxidizing bacterium Alcaligenes eutrophus serves as a model for our study on enzyme derepression in strictly respiratory bacteria under conditions of oxygen deficiency.
In A. eutrophus an NAD-dependent lactate and an NAD(P)-dependent alcohol dehydrogenase appear to function as a safety valve for the release of excess reducing power in the absence of exogenous hydrogen acceptors such as oxygen or nitrate (38) (39) (40) (41) . A. eutrophus is even able to evolve molecular hydrogen (43) and to synthesize poly-,-hydroxybutyric acid (29) to dispose of the reductant if a suitable electron acceptor is lacking. The cytoplasmic, NAD-reducing hydrogenase is responsible for the evolution of hydrogen (19) .
The fermentative alcohol dehydrogenase is a tetramer of relative molecular mass 156,000 and consists of four subunits of equal size. The enzyme exhibits dehydrogenase activities for 2,3-butanediol, ethanol, and acetaldehyde and reductase activities for diacetyl, acetoin, and acetaldehyde (41) . Like lactate dehydrogenase, the fermentative alcohol dehydrogenase is synthesized by the wild type only when the cells are cultivated under conditions of restricted oxygen supply. In a previous study we described the isolation of mutants which form the fermentative alcohol dehydrogenase constitutively. * Corresponding author.
These primary mutants were able to utilize 2,3-butanediol as a carbon source for growth (36) . Since the growth pattern now served as a readily identifiable phenotypic marker for the presence or absence of this enzyme, it was possible to isolate secondary mutants which lack the fermentative alcohol dehydrogenase.
Nothing is known about the genetics of fermentation enzymes in strict aerobes, and relatively little information exists on the utilization of acetoin by bacteria. In this report we describe the isolation of mutants which carry transposon TnS insertions in genes involved in the catabolism of 2,3-butanediol or acetoin. This investigation provides the basis for cloning the adh structural gene from A. eutrophus and for elaborating the gene structure and the type of molecular regulation of fermentation enzymes in strict aerobes. We wish to know whether the genes encoding fermentation enzymes in strict aerobes have regulation mechanisms in common with corresponding genes of facultative aerobes (42) .
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains ofA. eutrophus, Pseudomonas oxalaticus, and Escherichia coli, as well as the plasmids and bacteriophage used in this study, are listed in Table 1 . For a list of mutant strains isolated following transposon mutagenesis, see Table 2 .
Media and growth conditions. E. coli was grown in complex Luria-Bertani (LB) medium (23) or in M9 mineral salts medium (23) at 37°C. A. eutrophus and P. oxalaticus were grown either in a complex medium of nutrient broth (NB) (0.8%, wt/vol) or in a mineral salts medium (27) 250 ,ug/ml) at a ratio of 1:4 (insert to vector) with a total DNA co'ncentration of 250 ,ug/ml. The DNA was packaged with X coat proteins by using an in vitro packaging kit and transfected into E. coli DH1 by the method of Hohn (14) . Cells were plated on LB medium containing antibiotics as indicated in the text.
Hybridization of Southern filters. DNA restriction fragments were separated by horizontal electrophoresis in 0.8% (wt/vol) agarose gels'as described above for the analysis of plasmid DNA. After being stained with ethidium bromide and photographed, the denatured DNA in the gel was' transferred to nitrocellulose filters (pore 'size, 0.45 ,um; BA85; Schleicher and Schull, Dassel, Federal Republic of Germany) with 20x SSC ( x SSC is 0.15 M NaCl plus '0.015 M sodium citrate) by the Southern blot procedure (33) and fixed to the filter by incubation 'at 80°C for 3 h in vacuo. All prehybridization and hybridization reactions took place at 42°C with gentle agitation in heat-sealed plastic bags with 100 ,Il of buffer per cm2 of filter. Prehybridization was carried out for 2'h in buffer consisting of 5x Denhardt solution, 5x SSC, 45% (vol/vol) deionized formamide, 25 mM sodium phosphate (pH 6.5), and 350 ,ug of denatured, sonicated salmon testes DNA per ml. Hybridization probes were labeled with biotin-11-dUTP by using a nick-translation kit as specified by the manufacturer. The biotinylated pro'be was denatured by boiling for 10 min and added to hybridization buffer consisting of 1 x Denhardt solution, Sx SSC, 45% deionized formamide, 10o (wt/vol) dextran sulfate, 20 mM sodium phosphate (pH 6.5), and 350 ,ug of denatured, sonicated salmon testes DNA per' ml to achieve a final concentration of 200 to 400 ng/ml. After 16 h of hybridization, the filters were washed as recommended by the manufacturer. The probe-containing hybridization buffer was stably maintained at -20°C for at least 6 months and applied after a heat denaturation step. To locate the position of DNA complementary to the biotinylated probe, we used streptavidin-alkaline phosphatase kit from Bethesda Research Laboratories. Manufacturer directions were followed for the development of color reactions. Hybridization s'ignals appeared within 30 min.
Hybridization of plaques. For screening of XL47 libraries, the filter preparation protocol as described by the manufacturer (Focus, vol. '7, p. 11, 1985 ; Bethesda Research Laboratories) was followed. Prehybridization and hybridization procedures were carried out as described for Southern filters. About 800 to '1,000 plaques per plate were screened.
Preparation of crude extracts. Approximately 0.2 to 1.0 g (wet weight) of cells was suspended in 2 ml of 100 mM potassium phosphate buffer (pH 7.0) and disrupted by sonication (2 min) by using a (150-W) ultrasonic disintegrator (MSE Scientific Instruments) with a probe 9.5 mm in diameter. Unbroken cells were removed by centrifugation for 10 min at 15 (35) . Gels were stained for 2,3-butanediol dehydrogenase activity as described by Steinbuchel et al. (36) .
Immunological methods. Antibodies against the fermentative alcohol 'dehydrogenase isolated from A. eutrophus N9AAS1 as described by Steinbuchel and Schlegel (41) were produced in a rabbit after subcutaneous injections of an electrophoretically homogeneous preparation of 0.3 mg of enzyme' in 0.5 ml of 0.9% (wt/vol) NaCl emulsified in 0.5 ml of complete Freund adjuvant. Two booster shots were applied after 2 and 5 weeks by using 0.2 and 0.3 mg of antigen emulsified 'in incomplete Freund adjuvant. A pure immunoglobulin G antibody'fraction was prepared from the serum'by chromatography on protein A-Sepharose CL-4B (11) .r Immunodiffusion (Ouchterlony) tests were carried out by using gels containing 1% (wt/vol) agarose in 50 mM diethylbarbiturate-acetate buffer (pH 8.2) on microscope slides (25) .
Chemicals. Restriction endonucleases, biotin-11-dUTP, the nick translation kit, the DNA detection kit, the A packaging kit, T4 DNA ligase, X DNA, and substrates used in the enzyme assays'were obtained from C. 
RESULTS
Isolation of TnS-induced mutants. In a previous study (36) we described a strategy for the isolation of A. eutrophus mutants lacking the fermentative alcohol dehydrogenase. These mutants were isolated as secondary mutants, which could grow on acetoin but not on 2,3-butanediol, after mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine. In this study we used transposon mutagenesis to isolate such mutants. The transposable element TnS-mob was introduced into streptomycin-resistant, 2,3-butanediol-utilizing A. eutrophus mutants CF10141 and AS141 by conjugation with E. coli S17-1 harboring the suicide vehicle pSUP5011 (31, 32) . About 42,000 kanamycin-resistant transconjugants were collected on NB agar containing 500 ,ug of streptomycin per ml In addition to a large number of presumably auxotrophic mutants and a large number of fructose-negative mutants, we isolated 51 mutants which did not grow on 2,3-butanediol. These 2,3-butanediol-negative mutants can be grouped into at least two phenotypic classes (Table 2) : mutants belonging to class 1 (11 independent mutants) did not grow on 2,3-butanediol but on acetoin as carbon source. Mutants belonging to class 2 (40 independent mutants) did not grow on either 2,3-butanediol or acetoin. About 20% of the class 2 mutant strains were also negative for chemolithoautotrophic growth on H2-C02-02 (subclass 2b). These were mutants H1056, H1057, H1059, H1070, and H1075 (from CF10141) and N1231, N1241, and N1242 (from AS141). Mutants which were negative only for acetate or for acetoin or which were negative for acetate, acetoin, and 2,3-butanediol did not appear.
We also introduced TnS-mob into the streptomycin-resistant strain HF39. Of 35,000 kanamycin-resistant transconjugants, 2 were able to grow on 2,3-butanediol ( LB medium containing either ampicillin or ampicillin plus kanamycin.
The plasmid DNA of eight recombinant clones obtained from each packaging reaction was isolated and digested with EcoRI. The inserted DNA was in the range of 34 to 47 kb, and each recombinant plasmid contained a 6.4-kb (pHC79 DNA), a 19-kb, and a few other EcoRI fragments of various sizes. The 19-kb EcoRI fragments were referred to as HST14 (from mutant strain H1076), HST15 (H1097), HST16 (HiOS1), NST22 (N1103), HRT12 (HC1421), and HRT13 (HC1409).
Localization of the wild-type gene. The 19-kb EcoRI fragments mentioned above were isolated, and Biotin-11-dUTP was incorporated by nick translation. They were hybridized with mutant and wild-type genomic DNA which had been completely digested with EcoRI. A representative example of using biotinylated NST22 DNA as a probe is shown in Fig.  1 Cloning of the intact adh structural gene. To clone the EcoRI fragment encoding the adh structural gene, biotinylated HST14 DNA was used to detect the corresponding native fragment in a XL47 gene bank of A. eutrophus H16. E. coli WL87 was infected with recombinant XL47 phages and plated on LB medium. Plates with 500 to 800 plaques were blotted to nitrocellulose membranes. These membranes were treated as indicated in Materials and Methods and hybridized with biotinylated HST14 DNA. We found that 1 of about 2,000 plaques was positive. This recombinant phage contained a 11.5-kb EcoRI fragment; it was referred to as HS10. It was purified by electroelution and then ligated to pHC79 and pVK101.
Cloning of the locus for insertion of TnS-mob in class 3 mutants. To clone the intact fragment of the wild type, which corresponds to the fragments HRT12 or HRT13 in class 3 mutants, a pHC79 cosmid gene bank of EcoRI-digested A. eutrophus H16 genomic DNA was generated. The plasmid DNA of about 200 recombinant clones (probability, about 0.87) was isolated by the sodium dodecyl sulfate lysis method. These plasmids were separated in agarose minigels, blotted to nitrocellulose membranes, and screened with biotinylated HRT13 DNA. One positive clone exhibiting a 11.5-kb EcoRI fragment appeared. This fragment was referred to as HR10 and was subcloned into the EcoRI sites of pHC79, pVK101, and pSUP202. Figure 2 shows the hybridization of biotinylated HRT13 DNA with samples either containing the corresponding fragment HR10 (lanes 1, 4, and 5) or not (lanes 2, 3, 6, and 7) .
Analysis of cloned fragments. The cloned fragments HS10 and HR10 (11.5 kb), HST14, HST15, HST16, and NST22 (19 kb), and HRT12 and HRT13 (19 kb 7) and EcoRI restriction fragments of a plasmid containing the EcoRI-fragment HR10 (lanes 4 and 5) . No hybridization to HRT13 was found with plasmid DNA not containing the HR10 fragment (lane 2) and with PstI-digested X DNA (lanes 3 and 6) . EcoRI-restricted plasmid DNA in agarose gels by electroelution and were then treated with the restriction endonuclease Sail. Seven characteristic Sall restriction fragments, (2.0, 1.7, 1.6, 1.3, 1.1, 0.9, and 0.5 kb) were derived from each of these EcoRI fragments. DNA from the wild-type strains also contained a 2.5-kb SalI fragment. Owing to a restriction site for Sail in TnS-mob (16) , DNA from TnSinduced mutants gave rise to two larger additional fragments; both together had a molecular weight of about 10 kb. This indicates that TnS-mob, which is 7.5 kb in size (32) , had inserted at different positions into the same 2.5-kb SalI fragment in all six mutants examined in this study.
Complementation of adh mutants. Plasmid pVK101::HS10 was transferred from E. coli S17-1 to the insertion mutant H1076 by conjugation. All tetracycline-resistant mutants, which were collected on mineral agar plates containing 0.5% (wt/vol) sodium succinate and 12.5 ,ug of tetracycline per ml, proved to be utilizers of 2,3-butanediol.
Homo-and heterogenotization. We also introduced plasmid pSUP202: :HRT13 into A. eutrophus HF39 by conjugal transfer from E. coli S17-1. Transconjugants were first collected on NB agar plates containing 160 ,ug of kanamycine per ml and 500 ,g of streptomycin per ml. Of the transconjugants tested, 99o were positive for 2,3-butanediol. As (17) . In this cyclic pathway, which was proposed for acetate formation from 2,3-butanediol or acetoin during sporulation of bacilli, a 2,3-butanediol dehydrogenase is essentially involved. In a previous study (36) we discussed a direct oxidative cleavage of acetoin to acetaldehyde and acetate in A. eutrophus.
Our cloning strategy took advantage of the availability of the adh structural gene and regulatory DNA sequences marked by transposon insertion. The identification of TnSharboring clones was facilitated by screening the transconjugants for the transposon-encoded kanamycin resistance. The cloning of TnS-labeled fragments provided specific DNA probes for physical identification of the intact gene. The use of biotinylated hybridization probes (20, 21) in combination with the streptavidin-alkaline phosphatase detection method provided reliable results and rendered radioactive gene probes superfluous. The successful cloning of the adh gene by using biotinylated gene probes in Southern as well as plaque hybridization confirms the specificity of this nonradioactive detection system and causes us to suggest the substitution of 32P-labeled by biotin-labeled DNA probes for comparable cloning procedures. Attempts to express the A. eutrophus adh structural gene in E. coli by transforming the cloned fragment HS10 integrated in plasmid pHC79, pVK101, or pSUP202 were not successful. This could result from an inability of E. coli to use promoters of A. eutrophus efficiently for expression or from a lack of essential transcription signals. However, heterologous expression of the adh gene in A. eutrophus JMP222 and in P. oxalaticus supports the conclusion that the cloned HS10 fragment does contain the complete DNA sequence necessary for the synthesis of active fermentative alcohol dehydrogenase. The heterotrophic strain JMP222 has already served as host for the expression of plasmidencoded hydrogenases of A. eutrophus H16 (8) . Similarly, the herbicide-degrading plasmid pJP4 of strain JMP134, which is the parent strain of JMP222, is expressed in, e.g., A. eutrophus H16 (9) .
To verify our results we are currently subcloning the structural adh gene onto E. coli expression vectors. In addition, we started to sequence the adh structural gene and its adjacent regions to study the mode of regulation of fermentation enzymes in A. eutrophus on the molecular level. The study is directed toward providing an answer to the question of whether fermentation enzymes in strict aerobes share common regulatory mechanisms with the corresponding enzymes in facultative aerobes (30, 42, 44) .
